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ERRATA FOR SEMIANNUAL TECHNICAL SUMMARY REPORT
Contract No. N00014-67-C-0237

Hughes Research Laboratories
Malibu, California

Table VI, page 57, should read as follows:

TABLE VI

Comparison of Amplifier Characteristics

instead of "

Characteristic Pulsed, 1000 pps, cw
100 psec
g, 4dB/m 3 dB/m
S, > 200 W/cm? 60 - 90 W/cm?
Current 200 mA peak 25 mA dc
Specific potential 8 kV/m 5 kV/m
Specific average 160 W/m 120 W/m
power input
26 cfh CO, 13 cfth CO,
at 11.5 at 17
Gas flow 32 cfh Nz (T 32 cfh Nz Torr
126 cfh He 178 cfh He
Table IX, page 71 — First line should read "same as Table X, except”

same as Table XI, except"
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ABSTRACT

Progress is reported on a program to develop and build a 1 kW
average power 10.6 p amplifier for radar applications. Small signal
gain and saturation measurements were made on l-in. diameter
amplifier tubes using a CO,-Nz-He mixture with cw driving signals.
Optimum values for cw discharge tubes were 3 dB/m and 60 to 90 W/cm?;
for puls.d discharges (at 500 pps), they were 4 dB/m and more than
200 W/cm?.

Based on the above values, transmitter designs were made
using pulsed operation or a combination of pulsed and cw operation
at different stages. The most promising of these designs would use:
(1) a 10 W cw oscillator, (2) a folded 16 m, 1 in. diameter tube,
(3) a mechanical modulator with recollimating optics, and (4) a final
amplifier of 8 m, 2 in. diameter tubes operated with a pulsed discharge.
The device would be 32 ft long, including folding and recollimating
optics.

The mechanisms of the CO,-N,-He laser are summarized and
relevant rates and coefficients tabulated. The theory of gain saturation
is reviewed and equations derived. Numerical values for small signal
gain and saturation flux are calculated and compared with experimental
values. Collisional cross relaxation among rotational levels appears
to be important, and a method of treating it is presented. We solve
the gain saturation equation for simplified cases. Diffraction beam
spreading effects on amplifier performance are discussed, and a solu-
tion for the effect of gain saturation on the radial beam profile is given.

ix




I INTRODUCTION AND SUMMARY

This report gives the progress to date on the program to
develop and build a 1 kW average power 10. 6 p amplifier suitable for
radar applications. As outlined in our Technical Proposal 66M-7374/
B1560 and the Final Technical Report*..on the Laser Engineering Design
Study (U) F29601-67-C-0034, the amplifier must be capable of pulsed
operation to be suitable for radar use. The target values chosen as a
result of the Design Study as most desirable for the final transmitter
unit are: 25 kW peak power output, 20 usec optical pulse length, and
2000 pps repetition rate, giving 1 kW average output at 0. 04 duty cycle.
The output will be near-diffraction limited and capable of being pro-
duced by a single-frequency driving source.

Small-signal gain and saturation measurements have been made
onl in. diameter amplifier tubes. The resultin optimum values for
a cw discharge were 3 dB/m and 60 to 90 W/cm?; for a pulsed discharge
at 500 pps the optimum value was 4 dB/m peak 3 200 W/cm2 with a
pulsed discharge at 500 pps. These values are for modest flow rates of
CO2-N3z-He mixture, and were obtained with cw driving signals.

Using these values (with some extrapolation for 2 in. diameter
tubes), designs for the transmitter have been made on the basis of pulsed
operation of the dischurge or a combination of pulsed and cw operation
of different stages. The most promising design consists of: (l)alow
cw oscillator, (2) a folded 8 m, 1 in. diameter tube (16 m active length)
operated as a cw intermediate amplifier, (3) a mechanical modulator
with recollimating optics producing 20 psec pulses at 2000 pps with an
exit diameter of 3.0 cm, (4) a final amplifier operated with a pulsed
discharge and consisting of several 8 m sections of 2 in. diameter
tubing. The over-all length of the device is 32 ft, including folding and
recollimating optics. The exact number of $ m sections required to
reach the 25 kW level is dependent on the exact values of small signal
gain and saturation flux obtained in the 2 in. pulsed discharge.

Section II-A of this report reviews and summarizes what is
known of the CO2-N;-He laser mechanisms. A tabulation is made of
the relevant rates and coefficients. In Section II-B the theory of gain
saturation is reviewed and the equations to be used in the design pro-
cedure are derived on the basis of the model discussed in Section II-A.
Numerical values for small-signal gain and saturation flux are calcu-
lated from the atomic constants and compared with experimentally
determined values. From the comparison we conclude that collisional
cross relaxation among the rotational levels is an important process;

a method of treating- collisional cross relaxation isincludedin Appendix
B. Section II-C treats the solution of the gain saturation equation in
simplified cases. The effects of diffraction beam spreading on amplifier

*Report classified SECRET.



performance are discussed, and a first-approximation solution forthe
effect of gain saturation on the radial beam profile is given. It appears
that for small signal gains of 50 dB, the beam width is increased by
more than a factor of two over the diffraction spread. Medium distor-
tion measurements not duc to saturation are given in Appendix A.

Section III gives the results of our measurements of small sig-
nal gain and saturation flux under cw and pulsed discharge conditions.
The variation with gas mixture and pressure, discharge current and
repetition rate, and gas flow rate are given. Cw small-signal gain
values of 3 to 4 dB/m were obtained; peak pulsed gain values as high
as 13 dB/m were observed, but only with very long (~ 1 msec) excita-
tion pulses at low repetition rates (50 pps). In the useful range of
repetition rates, the pulsed gain dropped to 4 to 5 dB. Saturation flux
densities of 60 to 90 W/cm2 were observed for cw discharges and
> 200 W/cm? for pulsed discharges. This latter value must be taken
as somewhat tentative, because insufficient input power was available
to obtain a good saturation curve.

Section IV-A presents the over-all design based on the experi-
mental values obtained for g, and S,. The progress on fabrication
of this design is given in Section IV-B. The 16 m intermediate ampli-
fier is essentially complete and ready to be operated. Section V is a
brief statement of the tasks to be cornpleted in the next three-month
period. Those include gain saturation measurements on the 16 m IA.
and on"a 8 m test séctioh of the final amplifier.



II. THEORY

A. Mechanisms of COz-Nz-He Laser

The excitation mechanisms and rate processes in the CO2 laser
are now reasonably well understood. The following will present a sum-
mary of the important processes and rates as they are known in the
literature.

The CO2 laser system is a four-level system as shown in Fig. 1;
the lower laser level is at an energy E] = 6 kT at room temperature.
The CO2 laser medium generally consists of a mixture of CO2, N2 and
a gas additive, such as helium or H20, excited in a glow discharge.

I Excitation of Upper Laser Level

The upper laser level is the first vibrational level of the
asymrmetric stretching mode CO2(00°1). Excitation is transferred to
the upper laser level by a near-resonant vibrational energy transfer
from excited N2 molecules or from excited CO molecules produced in
the discharge, by direct electron collisions with the ground state
CO2(00°0) and by cascade from the higher-lying v3 levels. The rate
constant for the vibrational transfer process from N2 has recently been
measured,” (ke' = 1.7 x 10 sec-l - Torr-l). The excitation cross sec-
tion for vibrationally exciting N2 by electron collision has been measured
by Schulz,2 tobe o = 3 x 10-16 ¢m?2 for 2.2 eV electrons. The cross
section for exciting CO2(00°1) by electron collision has not appeared
in the literature.

The vibrational transfer from Ng to CO; occurs from the en-
tire vibrational family of N2 (v = n) to the corresponding family of
CO02(00°n3). Hocker, et al. ,3 have used a Q-switched laser as a probe
to measure the excited population CO2(00°n3) in a CO2-N2-He laser
discharge. They found that levels as high as n3 = 4 were heavily popu-
lated. They also determined that the relaxation time of the coupled
CO2(00°n3) levels was of the order of 10 psec or less. Bacause of the
strong coupling and rapid thermalization between the vibrational levels,
the population of the CO2(00°2, 00°3, 00°4) levels can contribute sub-
stantially to the cw saturated gain and power output of the CO2 10.6 p
laser. Other Q-switched laser studies? indicate that the relaxation time
of the rotational levels of CO2(00°1) are of the order of 20 to 100 nsec.

2. De-excitation of Upper Laser Level

The upper laser level, CO2(00°1) is depopulated by molec-
ular collisions and by stimulated emission. Spontaneous emission is
generally an unimportant depopulation mechanism in molecular laser
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systems.5 The spontaneous transition rate for the upper laser level is
shown in Table I to be 200 sec-!l. However, in the Presence of radiation
tra4pping the transition rate A20 is decreased by a factor approximately

at 1 Torr CO2. Thus, in the CO2 laser system, collisional decay
raies are at least 2 orders of magnitude greater than spontaneous emis-
sion decay rates.

TABLE I

Spontaneous Radiative Transition Probabilities
in CO; (from Statz, et. al. 5)

Transitions Dominant Branch "q"ij' sec”!
00°1 -+ 10% P 0.34
00°1 = 02% P 0.20
10% + 01! Q 0.53
02% - 0119 Q 0.48

‘ 0110-0090 Q 1.07
00°1 - 00% P 2 x 10°

The C02(00°1) can transfer its vibrational énergy to an adjacent
energy level during a collision.

o L
COZ(OO 1) + M-'COZ(nl. n,, n3) +M+ KE . (1)

The molecule M, which can be a CO; or a foreign molecule, serves

to catalyze the reaction. Collisions of this Sort are most probable when
the transfer energy levels are closely matched.6, 7 Therefore, the most
probable reactions in CO2 are:

C0,(00°1) + M + €O, (04%0) + M - 204 em-! 2)
C0,(00°1) + M +CO,(11%0) + M + 273 em~! _ (3)
|
5




The collisional rate constants for de-excitation of CO2(00°1) by various
molecular additives are summarized in Table II. The rate constant is
defined as follows

£ N,) = - ()N, (4)

where Np is the upper laser level number density and p)g is the
partial pressure of molecule M.

3. De-Excitation of Lower Laser Level

The lower laser level 602(1000) must rely upon colli-
sions to provide a sufficiently rapid depopulation rate for the observed
laser output. Because of the close proximity in energy, the lower laser
level can communicate with the bending mode through a Fermi resonance
interaction

€0, (10°] + M ~ C0,(02°0) + M + 103 — (5)
t .
C0,(10%) + C0,(00°0) = 2 CO,(0170) + 53 s (6)

The importance of electron collisions on the excitation or de-
excitation of the lower laser level is not known at this time.

The primary role of the gas additives in the CO, laser discharge
is to assist in depopulating the lower laser level. Table III indicates the
effectiveness of various molecules for depopulating the CO2(10°0) level.
The rate constant is defined as follows

% [N1] = - (k; Py N, (M

where Nj is the number density of the lower laser level, k) is the rate
constant per Torr of gas additive, and p)s is the partial pressure of
the gas additive.

From Table III it is evident that most of the molecules listed
would be effective additives. However, reference to Table I indicates
that most of the additives also depopulate the upper laser level as well,




TABLE II

Collisional-Depopulation Rate Constants kp
o
CO,(0071) + M CO,(n)» n,» n3) + M +KE

Additive e 1 k-z:I'orr_ Source

co, 350 Moore, et al. !
385 Hocker, et al.3

He 85 Moore, et al. !

H, 3,840 Mcore, et al. !

D, 271 Moore, et al. !

H,0 24,000 Moore, et al. !

N, 106(a) Moore, et al. !
165(P) M. J. Weber and

T.F. Deutsch8

Resonant-Excitation Rate Constant, ke'

Rl
4 s = Source
sec - Torr &
1.7 x 104 Moore, et al.!

(')Moorc. et al. , ! obgerved two exponential decays in their relaxation experiments.
with CO2-N2. They selectively excited the CO2(00°1) level of a CO2-N2 gas sample
with a Q-switched CO2 laser pulse. Following the excitation, CO2(00°1) molecules
rapidly transferred their excitation to ground state N3. This process resulted in a
rapid decay of the CO2(00°1) level population until the N, attained vibrational equilib-
rium with the CO2. Subsequently, the CO2(00°1) and N2(v = 1) relaxed together at a
slower rate. transferring energy to the translational modes. Moore, et al., ! have
correctly interpreted tha two distinct relaxation times to yield values for the reso-
nant excitation rate constant and the collisional-depopulation rate constant due to
collision of COz with Nj.

(b)Weber and Deutsch8 have made relaxation rate measurements in the afterglow of a

pulsed CO2-N32 discharge. They evidently did not observe the initial n%id transfer
of energy from N2(v = 1) to CO2(00°0) and have erroneocusly associated the slower
decay of C0O2(00°1) with the resonance transfer process. Their experimental data
can be reinterpreted, taking into account the equilibrium relaxation between the
CO2 and N2 vibrational levels, to yield a value for the collisional-depopulation rate
of CO2(00°1) due to collisions with N3. This rate is presented above.

-



TABLE III

Collisional- Depopulation Rate Constants, k
CO,(01'0) + M = CO,(00%0) + M + kE

k,y,
Additive sse-1 _1 Torr-1 °§ Source Discussion
CO, 188 - 220 300 Cottrell. an a
McCoubrey
2180 Cheol0 b
N, 660 291 | Wallman!!
CcoO 66 x 103 273 Metter 12 c
He 6600 291-293 | Cottrell and
McCoubrey?
3400 303 Cottrell and
Da.y13
Xe < 44 303 Cottlrfll and
Day
H0 | 44x10* - 26 x 103 | 300-673 | Cottrell and d
McCoubrey?
D,0 16 x 104 294 | Van Itterbeek
and Mariensl4
H, 73 x 103 293 | Kiichlerl5

aAccording to Cottrell and McCoubrey9 this range of values is the most
reliable average based on a multitude of ultrasonic measurements by
various experimenters.

bThe rate measured by Cheol? is an order of magnitude higher than the
ultrasonic measurements. Cheo's data were obtainecd in the afterglow
of a pulsed CO, discharge. A 3% concentration of CO (due to dis-
sociation of CO2) would yield the high value obtained.

“Metter's!? results are open to question because he does not give any
details of his experimental work. However, no other data are
available.

dThe se results are obtained by various authors and are summarized by
Cottrell and McCoubrey. The nefg,tive temperature coefficient was
obtained by Eucken and Niimann.




which is undesirable. Helium has been determined empirically to be
most effective in lasers in depopulating the lower laser level while ig-
noring the upper laser level. While water vapor has also been shown to
behave selectively, there is some question of whether the HpO is dis-
sociated in the discharge.

4. Role of Helium in the CO, Laser Discharge

In addition to its effect on the depopulation rates of the
two laser levels (i.e., not interacting with the upper laser level while
depopulating the lower laser level), the helium additive performs two
other functions. Because of its small mass and large collision fre-
quency, the helium maintains the rotational levels of the CO2 molecule
in thermal equilibrium at the translational temge rature of the helium,
thereby increasing the gain. Smith and Clarkl8 have shown that a large
amount of helium can be used without disturbing the electron tempera-
ture in the CO, laser dischargeand hence does not disturb the excitation
rate of Na(v = 1). Helium has this property because of its high lying
energy levels which essentially divorce it from the energetics of the
discharge.

B. Theory f Gain Saturation

In this section, we treat some questions which arise in choosing
equations to describe accurately the amplifier gain saturation. The °
treatment follows closely that given by Gordon, White, and Rigden19
with appropriate changes* for the pecularities of the CO2 system (e.g.,
the radiative decay terms are replaced by collisional decay te rms).

The rate equations for the upper (2) and lower (1) laser levels

may be written

1

=
Nz (v's 2) = Cxv') - NpWv', 2) [Tz' + By, (v's v) s(v,z)/41rJ

+ Nl(v', z) B'lz(v', v) S(v, z)/4m (8)

*The notation has also been changed to agree with that used in this re-
port. For those readers familiar with the Gordon, White, and Rigden
paper, laser levels "3" and '"2'" have been replaced by 12" and "1"
while S and I now become C and S; the natural linewidth Av,, is re-
placed by the homogeneous linewidth AvH (pressure broadened).



10

-1

1:11(9', z) = C'l(v') - Nl(‘;" z) [Tl +B'12(v'. v) S(v, z)/41r]

+ Ny(v', z) B'Zl(v'. v) S(v, z)/4m | (9)

N2 and N; are the number densities of atoms in upper and lower laser
levels in a unit frequency range about a frequency v' at a plane z

along the direction of propagation.(The amplifier inputis takentobe z=0).
C) and Cj are the creation rates of the upper and lower levels by colli-
sions per unit volume and per unit frequency interval. These collisions
are assumed to produce a line with doppler profile of width Avp, so

that Cb and C| have the form

L NTAv

: vl - v
cl = 202 G oexp (- 4tn2 (2 (10)
3 D

where Cj is the total creation rate of the ith level per unit volume and

v, is the frequency at line center. In eqs. (8) and (9) the times T3

and T, are the collisionally determined lifetimes of upper and lower

laser {eVel; S(v, z) is the monochromatic signal intensity in W/cm2 at

frequency v and position z; Bj;(v', v) is the stimulated emission coef- )
ficient (in dimensions of probabi 1ty/molecu1e/sec/(W/cmZ)/unit fre-

quency interval) giving the rate of simulation from the ith to the jth level L
of a molecule with doppler shifted frequency v' by a signal S at fre-

quency v. The stimulated emission coefficients are assumed to have

Lorentzian line shapes with width Avy determined by collisions.

(z/nAH) i

ij +[2(v - v')/AvH:]

Bij(v'. v) = B

where Bj; is the more usual B coefficient, the total probability/molecule/
sec/(W/cm®). Avy is essentially the width of the hole that is burned in
the doppler broadened line of width Avp.

Spontaneous emission processes, with probability rates A2, A,
A21 have all beefl ignored in eqs. (8) and (9) since these are much
smaller than T3, Til , as discussed in the previous section. (Of course
we wil% not ignore Az] when it is used to evaluate Bz): Az = B2} r
2hc/A3.) :

-

L
) e




The equation governing the signal amplification is simply

oo E
..dS(Vlz‘z_) = hv f .g[B'zl(V'l V) Nz(v" z) S(Vu z)/4"]

o

- [B'lz(v'. v) Nl(v'. z) S(v, z)/41r] dv'y. (12)

The intergrand in eq. (12) is obtaine frorg the simultaneous solution of
eqs. (8) and (9) for the steady state b= Ny = 0. Equation (12) can then
be written in the form

Qo
s _ & f e_’fr%% (13)
dz L 1+ x“+8/S
=00 (o]
where ‘
1
x = 2(v' - vo)lavy (14) |
I
] |
hv B,, Nin2 !
k = €% -C.T
o 20372 A, [zz 11:]
D
XZAZI Nt n2 :
= —73 [Csz = ClTl] (15)
47 Av
D
Z'tr2 AvH -1
5, = —B_Zl [T2+ T, :
41r2 AvH hv -1
=T, |%*T (16
A A,

11




12

€ = T—— (17)

The integration over x (that is, over v') can be carried out, as in Ref. 19,

to yield
-g% = Sg(S, ¢) (18)
where
k ' 1/2
S 2 S
g(S, €) = 2 l1-Erflel]l + exps(l+ )
(1.|. -ss_ 1/2 { So '§:
° (19)

L
The two familiar cases of pure homogeneous and pure inhomogeneous
(Doppler) broadening can easily be derived from eq. (19), as shown in
Ref. 19. For a pure doppler broadened line Avp » Avy, so that €= 0.
In this limit, eq. (19) becomes

ko
g(5) = S\172
(” 3:)

At the opposite extreme, the case of a pure homogeneously broadened
line Avy >» Avp requires ¢ =~ o, so that we have

(20)

ko AvD/AvH Nt in2 it

1+ o
o

g(S) =

Even though Avp = 0, the product k,Avp remains finite. Using ex-
pression (15) for kg,

frve——
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o

g(s) = (22)

For a typical CO, laser, Avp =~ Avy so that neither limiting
case applies exactly; however, the homogeneous interaction limit repre-
sents a closer approximation if a simple form is desired for the gain
expression. We will base our further calculations on that approxima-
tion and assume that the gain has the form

y g
g(z) = @ ’ (23)

o

where g, is the numerator given in eq. (22).

The quantities g, and S, thus specify the behavior of the gain
and control the design of the device. Both quantities must be measured
accurately under optimum conditions before a realistic design can be
realized. The expressions given in eqs. (16) and (22) in terms of
fundamental constants are accurate, of course, but the quantities Avyy,
C1,2» T1,2 depend rather critically on discharge conditions. Never-
theless, it is interesting to try to estimate g, and S, from eqs. (16)
and (22) for later comparison with experiment. If we take

A= 10.6
A, = 0.25sec™" (Ref. 5)
Av_H = 50 mHz
Té = 0.3 msec

T, < 30 }.n.sec'«'I‘z

€, <G,

13
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Then,

s 0.44 W/cm? (24)

and

& = [425x10%% ¢, Jem™! (25)

We do not know the excitation rate C2, but we may estimate it from the
specific power output typical of CO2 lasers. Statz, et al.,5 have taken
0.25 W/cm>? as an experimental power generation rate. Our experi-
mental values obtained with CO2 oscillators are consistent with this
number. To achieve this rate, C2 must be at least

3
s 0.25 W/ecm ~ 1.3 x 1019 e gsec™! (26)

CZ v

which would imply a small signal gain of
”, ~1
8, = 0.55cm . (27}

Experimentally, we find 8o0(dB) ~ 3 - 5 dB/m, or

g. = 0.0l cm™!

" (28)

which would imply a pump rate 50 times lower than that given by eq. (26).

The difficulty apparently lies in the fact that the several rotational levels
are closely coupled together. Equation (26) gives the gain of a single
rotational level in terms of the pumping rate to that particular level in
the ahsence of oscillation; that is the way in which C2 1s defined. How-
ever, el. (26) estimates the total equivalent pumping rate to all rota-
tional ievels, whether all are oscillating independently or all are feeding
A single cscillating level by collisional cross relaxation. To account

properly for the cross relaxational pumping of the upper lager level, we
should return to the rate equations (writing M simultaneous equationus




—

P

P, O )
i .

for the M rotational transitions) and include the coupling terms. This
procedure was followed in analyzing the effect of coupled levels for the
case of pure homogenenus broadening and infinitely rapid lower level
relaxation in Appendix B of our Froposal No. 66M-7374/B1560. That
work is also included here as Appendix B. Under the approximation
that the rotational levels are uniformly populated, the net result is to
increase the pump rate of the oscillating level by M and increase the
satvration flux for that level by M. -

This result can also be obtained by argument from the present
analysis if we associate M with Avy, the "hole' width, Avy physically
represents the width, in frequency, over which a signal taps population.
If M levels relax into one lasing level, the effect is the same as in-
creasing Avy to MAvy, at least for the homogeneously broadened line.
From eq. (22) we see that for the same pump rate C, into the lasing
level, an increase of Avy to MAvVH makes the appropriate correction
to the gain, and from eq. (16) the appropriate increase to S,. Com-
parison of eqs.(27)and (28) would indicate a value of M = 50 (which may
seem a bit large until we recall that there are certainly this many ro-
tational levels with significant populations, even if they are not inverted
enough to oscillate). A factor of 50 for M would imply an S, of 20 W/cm2.
Actually, larger values than this have been observed by Kogelnik and
Bridges (ref. 20) and by ourselves (see Section III).

As a sidelight, we can compare the results of the analysis given
in Appendix B with that of this section to clarify the terminology. Equa-
tion B-6 (using z instead of x) states that

d po Wno
HE = ..1.__+ (29)
§

where p is the photon flux, Wn, the pump rate, o the stimulated
emission cross section and t the upper level relaxation time. Identi-
fying Wn, = C2, and S = hvp, v = T, we obtain

as . 59(C,T,) 30)
& . (

1+ (EV_)
o

15
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evidently

"2 A
TS 2l (31)
47 Av

and

_ hv
So =T (32)

which is obviously true by comparison with eqs. (22) and (16).

C. Solution of the Gain Saturation Equation

In the previous section we discussed the theory of gain saturation
and some of the restrictions and uncertainties concerning assumptions of
the proper interaction and use of the proper form of equation. Ac- :-
knowledging those restrictions and uncertainties, we choose the case
of pure homogeneous interaction as a first model for gain saturation
computations and laser design; the governing equation is

ds(z) _ 8o S
e (33)
L.Do |

If S(z) is the intensity of an infinitely broad plane wave passing
through a laser of length L, eq. (33) can be integrated directly to yield

the over-all gain G. =
Sin

G = exp|g L- g (G-1) {34) -
o

L

where S;, is the input intensity (w/ cm?). Unfortunately, the solution 1
given by eq. (34) is not explicit in G. While it is easy to solve this i
transcendental equation for G numerically by trial and error, it is even

easier to integrate eq. (33) numerically on a small computer with S;p, “

as the initial condition and obtain S,,¢ and the gain as outputs. ]




-
oo oy

.94

The use of a small computer is even more strongly recommended
if S(z) is not the intensity of a plane wave, but has instead a radial in-
tensity distribution — for example, that cf a Gaussian beam spreading by
diffraction. That is,

S(r, z)

S) exp [ -2(r/w(z))? ] (35)

. Mz -3 )) 2
w1+ —:w-z—__ ; (36)
o

where w_ is the beam radius at the (l/ez) intensity point and z_ is the
position of the waist. Equations (35) and (36) are, of course, the equa-
tions governing the Propagation of a gaussian beam through a linear
medium (e.g., free space); saturation in the amplifier must change the
functional form of S(r, z). The problem may be further complicated if
8, or S, are themselves functions of the radial coordinate r. In any

w?(z)

We have elécted to solve si;hplified models first rather than
tackle the complete self-consistent system. The solutions are easier

° How does the diffraction beam spread affect the design?

] How do g_ and So affect the over-all performance of an
amplifier

° How is the beam distorted in a saturable amplifier ?

Some first order answers are given in the remainder of this
section,

1. Effect of Beam Expansion

To estimate the effect of the beam expansion on the gain
saturation, we simplify our model by ignoring the change in radial dis-
tribution with z. We assume that instead of a gaussian distribution,

- the radial distribution is uniform over an area A(z) [but which expands

like the ‘gaussian beam, eq. (36)]

!

17
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2 2
wwz(z) ™w Az - zu]
A(Z) = —-—z—— = —r l+ —-Twr- . (3‘?)
o

The factor of 1/2 on the right hand side arises from the requirement
that the total power in this uniformly-distributed beam be equal to the
power in the gaussian beam (at least at the input to the amplifier z _,
where the Gaussian is yet undistorted). That is, ke

= .
j; 5, exp [-2(c/w(o)?] 2nrdr = S, A(0) .. (38)

The distributions are compared in Fig. 2.

With this approximation, eq. (33) is easily integrated numer-
ically. The method of solution and typical programs are described in
Appendix C. Several variations on the basic program have been used
to generate specific outputs. The input parameters specified or gen-
erated are :

(1) beam waist diameter, W

(2) position of the beam waist with respect to input end of
the amplifier, z

(3) small-signal gain coefficient, g

(4) saturation flux, So

(5) length of tube, L

(6) input power, P,
Two of the last four parameters are redundant; only the product g_L
and the ratio P;,/Sy A(0) must be specified. For design purpoeelo.
however, it is convenient to list these parameters explicitly. The out-
put of a typical program consists of the power output at L and the gain
at L (and possibly the power and gain at several intermediate points
between z =0 and z = L). :

Figure 3 shows the results of beam expansion for a particular
tube. The parameters chouen are appropriate to the 16 m intermediate
amplifier described in Section IV. They are:
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8§ m

g, © 3dB/m

So = 100 W/cm2
L = 16m

, = 10W.

in

The output power and exit beam diameter are plotted as a furnction of the
beam waist diameter. It is obvious from the curves (and intuitively ob-
vious) that we would wish to operate the largest possible bearn waist '
(for the example given (2w,), .2, ¥ 2 cm, since the values of go S

are appropriate to a 1 in. diameter tube). Figure 2 shows the drastic
reduction in performance (from 1000 W output to 330 W output) that
could occur with improper focusing of the collimating optics to produce
a beam waist of ¥ 0.7 cm instead of ~2 cm.

2. Effect of go and Sy on Amplifier Design

The small signal gain g, and the saturation flux §
are, of course, the main controlling parameters of the amplifier design.
As an example, Fig. 4 shows the change in the gain saturation curves
for a particular amplifier (the 16 m intermediate amplifier described
in Section IV) as the small-signal gain is varied. The curves are
plotted as (G - 1) dB versus input power in dB above a 1 W reference
(dBW). (G-1) rather than G is used in order to exhibit the (- 1) slope
of the curves in the saturated region. Figure 5 shows the gain and
power output for the same tube, with 10 W input (+ 10 dBW) as a func-
tion of g,. Fora g, of 3 to 4 dB/m (the experimentally determined
range of values for a 1 in. diameter (see Section III)), G ~ 18 to, 20 dB
and Pgy¢ = 700 to 1000 W (provided, of course, Sy, = 100 W/cmz).

Figure 6 shows the effect of S, on the gain saturation for the
same tube, with g, = 3 dB/m. In this case, the curves are identical
in shape, but simp?y translated in ordinate (i.e., the solution depends
only on the ratio S;,/Sy). Because of the high over-all gain (48 dB),
the small signal portion of the curves occurs off the graph for the range
of input powers shown (0.01 W to 1 kW). Figure 7 shows the gain and
power output for the same tube with an input power of 10 W. Power
outputs of 400 to 600 W are expected with S, in the experimentally de-
termined range of 60 to 90 W/cm* (see Section III) (provided, of course,
8o = 3 dB/m).

Many sets of curves could be computed and used for amplifier
design. Instead, we prefer to work out the design step by step using
the computer on-line. Examples of designs using this procedure are
given in Section IV and in Appendix C (reduction of Kogelnik and Bridges'
resultazo).

21
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3. The Effect of Saturation on Radial Distribution

In this part we give the results of a first-order calcula-
tion of the change in radial energy distribution caused by saturation of
the medium. In the very simple model chosen for solution, we assume
no beam spread by diffraction, no radial variation of o Or Sy and no
spatial cross-relaxation of the medium. The input signal is assumed
to have a Gaussian distribution

S(r) = 8y, e%p [-'Z(r/wo)z] (39)

The output intensity is calculated at several radii using eq. (33). The
results for a particular tube with an over-all gain of 48 dB (again, ap-
propriate to the 16 m preamplifier) are given in Fig. 8. The output
distributions are all normalized to their on-axis values. The several
curves are for different values of S;,,,¢ to the saturation flux So. The
gaussian input distribution given by eg. (39) is also shown for referencg.
For Sinput/So as_small as 0.001 (which would be an input of 0.1 W/cm
if So = 100 W/cmz) there is a significant increase in the beam width.
The reason is, of course, that the higher input intensity on-axis satur-
ates the medium more than the lower intensity off-axis, The net effect
is to broaden the distribution. It is interesting to note that as the input
power is increased further, the beam continues to broaden until
Sinput/So ® 1. Still further increase in input power, however, narrows
the beam. At sinput/‘so = 100, the output is not much different Trom
gaussian to r/wg &1, but beyond that the output intensity falls off very
slowly. The reason is that the medium is so heavily saturated the in-
put signal dominates the output except at large radii, where the input is
much smaller than its value on axis. Figure 9 gives the variation of
two measures of beamwidth, the 1/e2 power point, and the half-power
point as a function of signal power. The beam is largest at its half- ¢
power point when Sjnn.t ® S,» while the maximum radius to the 1/e?
points occurs at a somewhat higher input power (the computer program,
ONR 9, described in Appendix C was only run out to r/wg = 2). Figure
10 shows the same kind of result for a lower gain tube. The value

11.1 dB is appropriate to the 3.7 m tube on which the saturation meas-
urements described in Section III-B were made. The effect is much
smaller for this lower gain value, and was not actually observed in the
3.7 m tube. The saturation measurements were made with a maximum
Sinput/So of -7 dB, so that we were not at the peak of the spread; the
values given by Fig. 10 for -7 dB would be about equal to our experi- 1
mental error in determining beam profile. E

4

It is clear that the beam spreading in the 48 dB tube caused by
saturation cannot be neglected. According to Fig. 9, a 10 W input in a
1 cmdiameter beam with S, » 100 W/cm¢é will produce a 2x beam spread;
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this amount added to the diffraction spread may require the use of a
bore diameter larger than anticipated in order to get the beam through
the amplifier without interception. Compensating for the additional
spread by prefocusing the wavefront may prove difficult since it is
doubtful that simply 'adding" the two beam spreads will yield a very
accurate result. The problem should be solved again, taking into
account both saturation distortion and diffraction spreading simultan-
eously. If the simple model chosen here for calculation is at all cor-
rect, the effect should be readily measurable in the 16 m amplifier now
under construction.

We should also note that any radial variation in g, or S, will
certainly change the degree of distortion. These variations are easily
added to the computer program, and some estimate of the magnitude of
these effects will be made, even though measurements of g (r) and
So(r) have not yet been made.
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III. PARAMETER MEASUREMENTS

A, Small Signal Gain Measurements

Small-signal gain measurements were initially made on a 20 mm
diameter by 60 cm long discharge. The experimental apparatus is de-
scribed in the schematic shown in Fig. 11. A low power, single-
frequency 10.6 u source laser was collimated with a 10:1 off-axis re-
flecting telescope. (The characteristics of the single frequency source
are described in Appendix D.) The source beam was modulated with a
rotating chopper and after traversing the amplifier section the signal
was measured with a liquid-helium-cooled Ge:Cu detector. A 10.6 T
band pass filter was necessary to block the strong spontaneous signals
between 4 to 5 u occurring at higher pulsed currents. A portion of the
incident beam was extracted through a beam splitter and was monitored
continuously with a grating monochromator. Brewster's angle NaCl
windows were used on the amplifier test section. The small-signal gain
characteristics of the amplifier were measured as a function of gas
mixture, pressure, and flow rate, peak discharge current, current
duration, and current pulse repetition rate.

1. Ccw Discharge

The optimum cw small-signal gain in the 20 mm diam-
eter tube occurred with flowing gas mixtures of 2CO, + 3N2 + 5He at a
total static pressure of 10 Torr. The unsaturated gain as a function of
discharge current is shown in Fig. 12. Although it is not shown in
Fig. 12, the gain decreases at I > 100 mA. For maximum efficiency
in a saturated amplifier we wish to operate on the low current side of
the optimum point. The value of go > 3 db/m is in good agreement with
the measurement of Kogelnik and Bridges.

The variation of cw unsaturated gain with gas flow rate is illus-
trated in Fig. 13. The data show that g, increases with inc reasing flow
rate, but increase at a diminishing rate above about 0.1 cfm (STP).

2. Pulsed Discharge

Gain measurements on the 20 mm tube operated with a
pulsed discharge were made by synchronizing the current pulse with the
"on' time of the chopped signal source. (It was desirable to modulate
the signal source so that an absolute zero-signal level could be estab-
lished.) Typical detector signals are shown in Fig. 14. In these oscil-
lograms, the upper trace is the detector signal, the middle trace is the
amplifier discharge current, and the lower trace is the amplifier dis-
charge voltage. The gain is then the ratio of the peak value during the
current pulse to the pedestal value, as scaled from the oscilloscope
photographs.
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(a) 1000 psec current
pulse duration

(b) 500 psec current
pulse duration

(c) 500 psec current
pulse duration

Oscilloscope photographs for pulsed gain measurements. The
upper trace in each photograph is the output, the middle trace
is the discharge current, and the lower trace the discharge
voltage. The time scale is 2 msec div. The pulse repetition
rate increases from (a) to (c). The amplifier contains a
flowing gas mixture of 4CO2 + lNZ + 4He. 35
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The variation of gy with pressure, mixture, flow rate, ctc.,
is somewhat more complicated in the pulsed discharge case. Different
processes enter in with changing importance depending on the pulse
duration time and repetition rate. For this reason, we give some ex-
planation of these processes as determined from the pulsed gain data
before giving the data on g, itself.

When the amplifier is excited with a short current pulse (= 10
psec), the resulting time variation of the gain gives a measure of the
excitation and de-excitation processes involved in the COp gain mech-
anism. Figure 15 shows the time variation of the gain on the P(16)
transition following a 10 usec current pulse. Photograph (a) occurred
with a pure CO7 discharge at 4 Torr, (b) for a flowing mixture of
2CO2 + 3Nz + 1He and (c) for 2CO2 + 3Nz + 7THe. The time scale is
500 usec/div. The lower trace of each pair is the discharge current
pulse. The results of many photographs are summarized in Fig. 16.
For pure CO2, both the rise time and decay time of the gain pulse de-
crease with increasing CO; pressure. This is in agreement with the
mechanism model in which the rise of the gain pulse is determined by
the collisional de-excitation time of the lower laser level, and the decay
of the gain pulse is determined by the collisional de-excitation time of
the upper laser level. The addition of helium to a 2CO, + 3N mixture
dces not affect the gain pulse rise time and causes an increase in the
gain pulse decay time. Both of these latter observations are in dis-
agreement with Cheo's results (Section II-A). (However, Cheo found
that the exponential time constant, not the time to reach peak gain, de-
creased with increasing helium pressure.) A possible explanation for
the lengthened gain pulse with helium pressure is that the increased
heat conductivity of the gas with helium added can reduce the net thermal
population rate of the lower laser level following the current impulse.
This would allow the gain to persist for a longer time.

The variation of small-signal gain with current pulse duration
is illustrated in Fig. 17. For the data in this figure the gas mixture
and flow rate were the same as those used in the cw measurements
(Fig. 2); these values are not optimum for pulsed operation, however.
The discharge was pulsed at 60 pps. It is evident that the magnitude of
the peak gain is highly dependent upon current pulse duration. Figure 18
shows similar results with an approximately optimum gas mixture and
pressure ratio for pulsed operation. The peak gain is substantially in-
creased with amplifier current pulse durations greater than 100 psec;
values of g, & 13 dB/m were obtained with 1000 usec pulses.

Small-signal gain data were also taken for non-optimum gas

mixtures to obtain information on excitation mechanisms. The results
are summarized below.
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(a)

(b)

(c)

+ 3N, +

Fig. 15. Time variation of gain for (a) pure COZ’ (b) ZCO2 2

1He, and (c) ZCO2 + 3N2 + 7THe.
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Fig. 17. Peak small signal gain as a function of discharge current.
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Variation of small signal gain with current with optimum gas
mixtures for low repetition rate pulsed operation.
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In pure COp, the optimum CO, pressure for pulsed operation
was approximately 5 Torr, as illu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>